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ABSTRACT

Under Contract No. AF04(611)-70-C-0065, United Technology Center
has completed the first 6 months of a 12-month program to inves-
tigate the ignition delay times, burn times or rates and com-
bustion efficiencies of doped and undoped boron and compoundsof
boron with aluminum, magnesium, and lithium. A literature survey
has been conducted for information on the properties and combus-
tion of aluminum, magnesium and lithium borides. An optical
burner apparatus built under a previous Air Force contract, AF04
(611)-11544, has been modified and calibrated for the present
investigation. Eight borides, which have been obtained or pre-
pared for this prograM, were analyzed for purity on the basis of
chemical, spectrographic, or X-ray data, and are ready for test.
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SECTION I

INTRODUCTION AND SUMMARY

With the current development of air-augmented rocket and Scram~et
systems much interest has arisen in the use of solid fuel parti-
cles as high-epergy additives tc the liquid or solid primary pro-
pellants. Boron has outstanding potential as an additive to
propellants because of its high volumetric heat of combustion
with oxygen. However, this potential can only be realized if
efficient combustion of the boron with oxygen in air is attained
in the ramburner over the desired wide range of flight altitudes
and Mach numbers. Work to da..e has shown a direct relationship
between ramburner pressure and boron combustion efficiency: low
ramburner pressure leads to poor performance. Previous work
sponsored by the Air Force ',as suggested that the use of cataly-
tic dopants, for example, a coating of LiF deposited on the boron
particle surface may facilitate combustion by iowering the parti-
cle ignition temperature even at low pressures. Another approach
is to replace elemental boron with a boron compound or alloy such
as AlBx, MgB.( or LiBX. The objective of this program is to eval-
uate the merits of asing such compounds of boron and dopants.
The program involves three closely related phases:

A. Phase I: A liter'ature survey for available information
from both U.S. and foreign ýources oncompoundsor alloys
of boron will be conducted. Selected physical proper-
ties and compositions of each compound, alloy or mix-
ture are determined as needed.

B. Phase II: Combustion testing of the compounds and dis-
crete mixtures selected in Phase I is to be accomplished
in this phase. The combustion testing is conducted in
the optical burner apparatus constructed at UTC under
Contract AF04(611)-11544. Photography and chemical
analysis of the residues are thu primary data gathering
methods.

C. Phase III: This phase consists of the data reduction,
presentation and recommendations derived as a result of
the work accomplished under Phases I and II.

This reporn summarizes the work acrnmolished in Phase I and a portion of Phase II. In Phase I, the
availabie literature on aluminum, magnesia n, and lithium borides, which is mostly of foreign origin,
''z reviewed, syncps: of the pertinent infoi --'.,tjn are given herein. Eight borides which have been
obtained or prepated for the proram were analyzed f ..- purity on the basis of chemical, spectrographic,



or X-ray data. In Phase II, the burner apparatus has been modified and calibrated for operation with
a CO-0 2 -air system at 5, 10, 15, 25, and 40 psia and at 17000 and 20000 K. Particles of boron, MgB 2 , and
LiB 2 were added in some demonstration test runs. Traces of burning particles showed fairly straight
trajectories which allow the ignition and burning times to be determined. The parametric testing of
various sizes of elemental boron and of all the borides obtained is about to be carried out under various
pressure and temperature conditions.
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SECTION II

TECHNICAL DISCUSSION

It is well known that several of the low atomic weight metals are
excellent rocket fuels. Heats of co)mbustion data (table I) in-
dicate that when heat evolved per unit weight of metal oxide is
taken as a measure Df metal fuel value, boron, aluminum, lithium,
and magnesium are better fuels than carbon and hydrogen. In a
volume-limited vehicle system, boron appears most attractive
becalise of its high heat of combustion per unit volume. However,
in practice boron in powder form has been found to be more dif-
ficult Vo burn than other metal powders. This can be attrib-
uted( to the fact that the boiling point of boron oxide lies
below that of boron itself. Thus, combustion must take place on
the surface of the metal particle. On the other hand, the boil-
ing points of the oxides of aluminum, lithium, and magnesium lie
above that of each respective metal, so that the metal burns in
the vapor phase. Thus it has been shown both theoretically and
experimentally that boron differs considerably from other light
metals in its combustion properties.

1. BACKGROUND

Ignition of metal fuel particles can take place only when they
have bpen heated to their ignition temperature. Initially, heat
is supplied primarily by convection, and the heating time is pro-
portional to the square of the particle diameter. As the parti-
cle temperature increases, heating by surface reactions becomes
important; the heating rate accelerates ind becomes proportional
to the particle diameter. Most of the total time to ignition is
spent in the siow convective heating regime, and this ignition
delay time is usually roughly proportional to the particle diam-
eter squared.

The particle temperature history is given by the solution of the
followi. g equation( 2 )

d TD 6 kg Nu - T41

dt PpCpd d P T

where k denotes the thermal cunductivity of the gas, 'u the Nus-
selt number, P the density, Cp the heat capacity, T1 the

Parenthetical -uperscript numbers denote references appearing
on page 35
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particle temperature, Tg the gas temperature, d the diameter,a
the Stefan-Boltzmann constant, and E the emissivity of the
particle.

The equation shows that a high value of Nu and a low value of
PpCp lead to rapid heating of the particle; this is true for
lithium, magnesium, and aluminum. Aluminum has an ignition tem-
perature similar to that of boron, and those of magnesium and
lithium are considerably lower. Thus, the ignition delay of
these three metals will be shorter than that of boron. Compounds
or alloys of these metals with noron will also have a different
heatup profile and lower ignition delay time tnan pure boron.

Previous studies have indicated that three different controlling
mechanisms are involved in determining the combustion time of
metal particles. Boron apparently burns by the diffusion of the
oxidizing species to the particle surface, followed by surface
reaction and diffusion of the gaseous combustion products away
from the surface.(3, 4 )This sequence occurs because the vapor
pressure of boron oxide exceeds that of boron at the combustion
temperature. The combustion rate in this case is limited by the
rate of diffusion of the oxidizr through the combustion products.
A theory developed by Spalding(5)indicates that the burning time
is proportional to the square of the initial particle diameter,
is independent of pressure, and depends only slightly on tem-
perature.

Belyaev(6)has recently made a successful correlation of aluminum
particle burning rates in fuel-rich gases, assuming that water
and carbon dioxide are equally effective oxidants. If there is
more than one oxidizing species, j, in the gas, Macek and Semple( 2)
suggested a generalized expression to calculate the burniiig time,
t, of a metal particle with original diameter, d, as

1 1 86 Oj Pj
- =1 - = (2)
t j tj (Pp/M) d2 j 7

where Pp/M denotes the molar density of the metal particle given
in Table I, and 6the ratio of flame to particle diameter (6,1 for
vapor phase combustion, e.g., 2.7 for aluminum; 6 = 1 for surface
burning, e.g., boron). 3 = D/RT where D is the diffusion coef-
ficient, R the gas constant, and Tg the gas temperature. P;1r7 ,
where X is the mcle fraction, P the static pressure, and ) the
stoichiometric fuel-oxidant coefficient (e.g., 3/4 for the reac-
tion of boron or aluminum with oxygen).

When the diffusion contribution of carbon dioxide is included,
the calculated burning times in dry gases agree with the experi-
ment to within 10% to 20%. Typical burning times for boron were
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found to be 12 to 15 msec and 20 to 25 msec for 354 and 44k par-
ticles, respectively. The burning times decreased slightly with
increasing gas temperature.

A shock tube study was conducted by Uda( 7 ) to determine the igni-
tion limit of clouds of boron particles in air. The boron sanm-
ples, consisting of 30y. to 504 agglomerates (Up to 2i± primary
particles) and 0.0154 particles, were ignited in the high-
temperature region behind the reflected shock wave. The 30i tD504
agglomerated particles ignited at a reflected shock temperature
of about 1,900 0 K at 1-atm pressure. The ignition temperature
decreased steadily with increasing pressure, to about 1,400 0 K
at 20 atm. Ignition of the 0.0154 particles appeared to be in-
sensitive to pressure, and the ignition temperature stayed con-
stant at 1,150 0K. For a constant reflected shock pressure, the
ignition temperature decreased with decreasing particle size.
The ignition delay time of the 0.0154particles decreased as the
reflected shock tempera-ure increased. It was less than 1 msec
at 1,140*K and decreased to less than 0.1 msec above 1,4000 K.

The studies of boron combustion thus indicate that ignition and
burning are sensitive to pressure and temperature conditions,
particle size, type of oxidizing environment, and particle con-
centration. As indicated by equations 1 and 2, the properties of
other metals such as lithium, magnesium, and aluminum, if used in
conjunction with boron, will contribute to shorter ignition delay
and burning times. The shorter burning time is due mainly to the
fact that these metal particles burn by a vapor phase mechanism.
It seems to be logical to consider compounds or mixtures of boron
and these other metals as candidate fuels.

In evaluating boron-rich solid propellants for air-augmented sys-
tems, Sims, Lee, and Gonzales(8Y replaced boron with boron com-
pounds, including ZrB 2 , B4C, TiB2 , AlBI2, and MgB2. Some promis-
ing data were obtained, but the exploratory investigation was too
limited to provide systematic results.

In another approach, some experimental results indicate that the
ignition temperature of powdered boron in oxygen can be remarkedly
decreased by the addition of doping impurities( 9 ) to the metal.
LiF is one of the promising dopants, which probably increases the
diffusion of boron ions through the oxide surface layer or in-
creases the oxygen diffusion through the oxide film. The igni-
tion temperature of the 1% LiF doped boron was reduced by 1601C.

in a recent air-augmentation combustion study, Rosenberg, et aL(I0)
deposited LiF on the surface of boron particles and found that
the combustion rate of these products was increased.

6



2. METAL BORIDES

As discussed in the preceding sub-section, the physical and ther-
mochemical properties of the candidate borides or alloys of boron
with other metals will control their heat-up, ignition and burn-
ing characteristics when they are used as particulate fuel addi-
tives in a secondary combustion system, and thus will determine
how their performance will compare with that of boron alone. For
instance, they may provide an increase of overall fuel density
with little loss in energy released. In general, all the metal
borides have very high melting points and are known as refractory
materials.(11) Since metal borides have not been considered pre-
viously as fuel additives, thieir thermochemical properties are
not readily available. The following subsections summarize ac-
cessible data, mostly taken from foreign publications.

a. Aluminum Borides

There are five reported ýnd authenticated phases in the
aluminum boron system(l AlB2, AIBI 0 , •c-AlB12 , P-AIB1 2 ,
Y-AIB1 2 . No information has been found on AlB6 . The three
forms of AIB 12 and AIBI 0 are hard materials with structures
similar to boron or boron carbide, whereas AlB2 is a soft
graphite-like material of hexagonal structure. Some of the
physical properties of aluminum borides are shown in Table
II.

TABLE II

PHYSICAL PROPERTIES OF ALUMINUM BORIDES

Theoretical Melting
Density Point

Boride Crystal Structure g/cm3  OF

AlB 2  Hexagonal 3.16 3,010+90

AIBI 0  Orthorhombic 2.54 4,390+90

a-AIB12  Tetragonal 2.58 3,925±90

B-AIB1 2  Orthorhombic 2.60 4,015t90

Y-AIB1 2  Orthorhombic 2.56
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Serebryanskii and Epel'baum( 1 3 ) reported that the boron-
containing specimens were prepared from pure elemental
aluminum and boron in a tubular furnace. They give the
phase composition in relation to specimen composition and
synthesis temperature as shown in table III.

Formation and decomposition processes of aluminum borides
were investigated by Atoda et al( 1 4 ) using Differential
Thermal Analysis, X-ray and chemical analysis techniques on
samples prepared in an electric furnace. AlB2 begins to
form at 600 0 C and decomposes into the a-AIBI 2 phase above
920°C. The latter is stable up to at least 1900*C; it
decomposes above 1900'C, separating elemental Al.

The energies of combustion of AlB2 and a-AlBI2 were measured
by Domalski and Armstrong 15) in a bomb calorimeter using
flourine as the oxidant. From the data obtained in these
experiments the heats of formation of AlB 2 and oa-AIBI 2 were
calculated as -16 +3 and -48 +10 kcal/mol, respectively.
The lack of precision in these values is due to uncertain-
ties in the impurity corrections and in the heats of forma-
tion of the combustion products.

b. Magnesium Borides

The magnesium-boron system displays a wide range of mutual
solubility: MgB 2 will dissolve in magnesium; on the other
hand, if MgB 2 is heated above 300 0 C, it will lose magnesium
progressively to form MgB 4 , MgB 6 and MgB1 2 .( 1) The magnes-
ium borides( 6) react with free oxygen, MgB2 at 580WC and
and MgB4 at 400 0 C, but the reactions are not complete at
ll000C. MgB2 reacts with water and with HCI at 150 C to
produce 97% hydrogen and 3% boranes; MgB 4 reacts only with
boiling HCI while the other borides do not react at all.

The heat of formation of MgBI2 was estimated as -34.4 kcal/
molS 1 7 ) Information on the heats of formation of other
magnesium borides has not yet been found.

c. Lithium Borides

Information on lithium borides is scarce. Markovskii and
Kondrashev( 1 8) reported that as a result of the electrolysis
of lithium borate, a product was obtained containing 82.9%
B and 9.4% Li, probably a mixture of elemental boron and
LiB6 . No other lithium borides are mentioned in the open
literature.

8
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d. Estimated Heat Release of Borides

In the absence of information on the heats of formation of
most of the borides considered in this program, the heat
release from the reaction of the borides with oxygen was
calculated on the basis of heat release data on each of the
two component elements. The results are compared to pure
boron in Table IV.

From the viewpoint of volumetric heat release, the lithium
borides appear to be the best fuel additives among the
metal borides, followed by the aluminum and the magnesium
borides.

e. Analysis of Test Samples

All the nine (9) compounds specified in the program, i.e.
AlB2, AlB6, AlBI2, MgB2, MgB6, MgBI2, LiB2, LiB6 and LiB12,
were obtained in the form of chemical compounds except
AlB 6 . No information could be found in the literature on
AlB6 and it probably does not exist as a compound. The
other compounds are either available commercially or were
specially synthesized for this program. The purity of each
boride was determined from chemical, spectrographic or X-ray
diffraction analyses as summarized in table V.

The MgB6 obtained shows a medium pattern of MgB2 and a weak
pattern of MgBI2; and the LiB6 shows a strong pattern of
LiB12 and a weak pattern of LiB2. It is likely that MgB6
and LiB6 are unstable and temperature dependent; although
formed in the synthesis process at high temperature, they
may be transformed into other borides during the cooling
period.

Scanning electron beam micrographs were taken of all the
borides at 300, 1000 and 3000 magnification. Micrographs of
an elemental boron were also taken for reference. In the
following micrographs the borides appear as agglomerates
of amorphous particles of various sizes (Figure 1, 2 and 3).

3. EXPERIMENTS

The major components of the test facility are the optical burner
apparatus, a gas supply system, an optical system for high speed
photography, a device for exhaust residue sampling, a control
console and sequencer for remote control of ignition, flow valves,
camera and particle sampling, plus electronic recording equipment
monitoring pressures and temperatures. The general arrangement
of the test setup is shown in Figures 4 and 5.

10
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Al 82  AlB2  AlI8 2
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Figure 1. Scanning Electron Micrographs of Boron (325 mesh) and
Aluminum Boride (AlB2-200 mesh, AlBl2-325 mesh) Powders
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Mig B2 Mg B2  Mg B2

.M 6Mg B6  M9 86

Mg '12 Mg B12  Mg 01

Figure 2. Scanning Electron Micrographs of Magnesium Boride
Powders (MgB2-200 mesh, MgB6 and MgB12 -325 mesh)
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Li B2 Li B2  Li B2

Li B6 Li B6 Li B6~

Figure 3. Scanning Electron Micrographs of Lithium

01498
Boride Powders (325 mesh)
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a. Test Apparatus

The major piece test equipment used in this progr mn was
constructed at UTC under contract AF04(611)-_1544019)
Several modifications were made to meet the requirements
of the current contract; the major ones were (1) use of a
CO/0 2 flame instead of a H2 /0 2 flame, to eliminate the
effect of the presence of water vapor on the combustion;
(2) installation of an ejector system attached to the
burner exhaust duct for maintaining low chamber pressure
conditions, (3) installation of a thermocouple to moni-
tor the flame temperature and (4) extending the running
period to facilitate collection of large amounts of ex-
haust residue. A large part of the experimental effort
in the first six months of the program was devoted to
carrying out these modifications and to calibration of
the burner.

(1) Optical Burner

The optical burner, shown in Figure 6, consists of
a combustion chamber of 1 in. I.D. fitted with a
transparent Vycor window operating with carbon mon-
oxide and oxygen. The fuel/oxygen injector consists
of a central port, through which the oxygen is ad-
mitted, surrounded by six manifolded fuel jets. The
fuel inlets end in a series of jets canted 450 to
the axis of the burner. These jets impinge on the
oxygen jets which are canted outward at 451. A
1/16-in. O.D., 0.020 in. I.D. stainless steel capil-
lary tube is fitted coaxially inside the oxygen inlet
port and serves for the injection of solid fuel. Air
is used as the carrier for the solid particles and
at the same time serves as a diluent to lower the
temperature of the burnt gases. Four combustion
chambers, with lengths of 3, 6, 9 and 12 in., are
available. Taps for monitoring pressures and tem-
perature are installed near the exhaust end of the
chamber.

An exhaust duct is mounted downstream of a replace-
able nozzle section. This duct can be fitted with
two windows or a sampling probe. Five different
sizes of graphite inserts were fabricated for use in
the replaceable nozzle section to yield 5, 10, 15,
25 and 40 psia burner pressure at a specific flow
rate setting. Difficulty was experienced in main-
taining the desi,.• temperature level, or sometimes
even sustaining combustion, when large throat in-
serts were used. Using a 12-in. long chamber instead

18
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of the 6-in. chamber, thus increasing the L* by a
factor two and facilitating combu3tion, did not
fully resolve the problem. However, a trial-and-
error adjustment of CO, 02 and air flow rates made
it possible to obtain the desired pressure and
temperature level for each specific size of nozzle
throat insert.

(2) Ignition System

Ignition is initiated by a pilot flame in an ante-
chamber attached to the main burner which is itself
ignited by a spark plug. Originally the pilot flame
operated on small amounts of CO and 02 regulated by
needle valves. Problems were encountered in obtain-
ing a stable pilot CO flame since ignition was very
sensitive to the gas flow rates and the flame often
went out when the spark was turned off. Hiqh gas
flow rates or long spark durations resulted in rough
starts, burnout of the spark plug, and window break-
age. On the other hand, low pilot flow rates or
short spark durations failed to give good combustion
and caused carbon to deposit on the window in the
main burner. The problem was resolved by switching
to a H2/02 pilot flame and by installing fixed ori-
fices in lieu of the needle valves to insure a
stoichiometric flow rate ratio in the pilot gas
supply. Satisfactory ignition of the main burner
gas was achieved with a pilot flame turned on for
the first second only, in total run times up to
10 seconds. Any effect of the presence of water
vapor on the combustion of the materials under in-
vestigation should be negligible under these circum-
stances.

(3) Particle Feed System

The parcicle feed system is shown in Figure 7. The
diluent air supply to the main burner also provides
the air supply to the particle injector. The latter
is taken off through a tee placed downstream of the
main air venturi so that no correction to the cham-
ber condition is necessary for the air injected
through the particle feeder. A check valve in the
main air line downstream of the tee provides a
small pressure drop which is independent of the
absolute pressure of the system. This pressure
drop assures a positive flow of air through the
particle feeder throughout a firing.

21



04F
00

o
w
z

o Q

I--

w U-

0- 0

00
C. Uu.

W >n
.J J4

LL

22-



In operation, air begins to flow through the parti-
cle injector as soon as the main combustion gas
valves open. The solenoid valve on the injector is
not activated, and the air flows through the normally
open port without disturbing the particle container.
After 1 second of firing, when flow rates and pres-
sures have stabilized, the injector solenoid valve
is activated; the air flow is diverted through the
sintered filter which supports the particle charge
and the latter is fed into the combustion chamber.

(4) Sampling Probe

The sampling probe available for use from the pre-
vious program is a miniature water-cooled condenser
designed for insertion into the exhaust gases im-
mediately downstream of the nozzle (Figure 6). The
probe is mounted on a plate dimensionally identical
to that retaining the windows in the exhaust section.
The entire assembly replaces one of the windows when
the exhaust residue is to be sampled. In operation
the probe is fitted with a 10-mm diameter sintered
glass filter disc through which a vacuum is drawn.
The particles in the gas sample are thus drawn into
the condenser section, quenched and deposited on the
removable filter disc for analysis. In the previous
program, some difficulties were experienced in ob-
taining samples. The sampling probe burned out
twice, once because of inadequate cooling water and
once because of the cracking of a faulty weld. In
the current program, a commercial water-cooled gas
sampling probe (United Sensor and Control Corpora-
tion GC-24-24-050) has been acquired as a back-up.
This probe has been endurance tested up to 4,0000 F.

In the previous program the sampling problem was
also in part due to an insufficient quantity of
particles. This should no longer be a difficulty
since the running time has been successfully extended
to 10 seconds without causing any damage to the test
hardware.

Another sampling technique under consideration is
the use of a microscope slide which would be dropped,
appropriately guided, through the exhaust gas stream
to collect burned and unburned particles which are
quenched and deposited on the face of the glass.
This technique 2hs proven fruitful in another
investigation.(2 )
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(5) Ejector System

An ejector system was designed, fabricated and in-
stalled to provide the exhaust vacuum required for
the low pressure runs. The ejector system replaces
closed vacuum tank originally instailed, which pre-
sented a potential hazard due to the possibility of
the formation of an explosive mixture in the tank.
As shown in Figure 8, the ejector uses nitrogen
supplied by a high pressure reservoir to drive the
exhaust gas through the concentric channel. The
back pressure reached the desired 2 psia as required
to permit running the combustion chamber at 5 psia.

b. Gas Supply System

All CO, 02 and air used are supplied by commercial bottled
gases (CO and 02 by Liquid Carbonic Corp., CO commercial
grade, by Matheson Company). Three sets of regulators,
valves and control venturis are provided for control of the
flow of CO, 02 and air. A fourth system, originally de-
signed to be compatible with fluorine serves as a spare.
Remotely operated regulators reduce the supply pressure to
the desired working pressure. The gases are metered through
vaziable venturis which were calibrated against standard
orifices using nitrogen as a test gas.

c. Control Console and Sequencer

A schematic diagram of the control console containing the
sequencer for operating the optical burner system is shown
in figure 9. This sequencer provides for programmed oper-
ation of the burner control components. Six individual
channels are available; one channel is hard-wired in, the
other five may be programmed by utilizing a patchboard to
set up the desired sequence. Five of the outputs provide
28-vdc power, the sixth supplies a contact closure for re-
mote starting of recorders. A manual switch for purging
the burner with inert gas is also provided.

To provide the most versatility, the sequencer makes use of
a relay-controlled switch, switch driver, and patch panel.
This allows the operator to set up a sequence where power
may switch any function on and off repeatedly and to vary
the time for each condition.

The stepper switch is relay-operated and consists of 10
banks of contacts; each bank contains 10 active positions
and a home position. One bank of contacts is used to
supply timing resistors for the driver, and one bank is
used for supplying power to a series of lights which
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indicate the position of the switch. Five banks are wired
to the iitch panel for programming, one bank is hard-wired
in for the ignition function, and the remaining two banks
are spares.

The stepper switch driver is a solid-state device that is
used to switch power on and off the stepper switch solenoid.
The time that the switch is in any one position may be
varied by connecting an external resistor across the test
jacks supplied for this purpose. One pair of jacks is
supplied for each step position of the switch. The time
for each step may be varied from approximately 70 msec to
5 sec.

Provisions have been included in the sequence to enable the
operator to check the time duration of any step of the
switch or the time duration of the entire sequence. A
phone jack has been provided on the side of the console; by
plugging a standard timer into this jack and selecting the
desired channel on the timer check rotary switch, the time
for that particular event may be checked.

The patch panel consists of 10 rows of 10 contacts. Two
rows of contacts are utilized for each control function.
One row of contacts is wired together and is connected to
the otuput function control switch. The other row is con-
nected to the contacts of the stepper switch. The wip r
of the stepper is wired to +28 vdc; as the stepper is
advanced the contacts pick up the 28 v and apply it to the
patch board. If a patch wire is plugged into the board,
this voltage is jumped onto the common bus and is applied
to the load. This is typical fci each channel.

The function control switches are supplied power from the
patch board. If a particular channel is patched in and
the control switch is turned on, an indicator light next
to the switch will light when that channel is activated,
indicating that power is present and that a relay is ener-
gized. The contacts of the stepper switch have a low-
power switching capacity; therefore, an additional relay
was used to supply power to the load. Loads requiring up
to 5 amp at 28 vdc may be powered from this sequencer. The
recorder channel is an exception to the above; instead of
switching 28 vdc to the output, it supplies a contact clo-
sure which is used to turn a recorder on and off remotely.

The emergency shutdown switch is the main power shut-off
switch. In order to have power available to the output,
this switch must be in the "on" position. If for any reason
it becomes necessary to cut off power to the load during
the sequence, the red switch guard is pusned down which
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cuts off all output power. The sequencer will continue
to step through the remaining steps until it hits the home
position where it will stop; however, no power will be
supplied to the load during this time.

d. Optical System

Two cameras are being used in connection with this study.
High-speed photographs were taken with a Hycam* K-1001
camera and particle tracks were photographed using an Auto-
maxi pulse camera. The high speed camera was used to
limit the motion of the particles cn the film and thereby
permit a direct velocity measurement.

The first photographs were taken of boron, MgB 2 and LiB2
in the CO-0 2 -air flame with the pulse camera at 1/60 sec
and f/8 lens opening, and show fairly straight particle
trajectories. As can be seen from a typical photograph,
figure 10, the ignition delay is evidenced by the location
of which particle ignition occurs. Because of the long
burning time of these particles, their combustion was not
completed when they left the 6-in. chamber used. The 12-in.
chamber will be used later and may provide sufficient
length for complete particle combustion.

e. Data Recording

A platinum-platinum/10% rhodium thermocouple (Tempton, Inc.)
was used to measure the flame temperature just upstream of
the exhaust nozzle during calibration. The burner pressure
is monitored by a CEC (Censolidated Engineering Corporation)
pressure transducer, model 4-327-001, connected to a pres-
sure tap lo-ated at 901 to the thermocouple connection.
Both temperature and pressure measurement are recorded by a
CEC recorder, Type 5-124.

4. CALIBRATION OF BURNER FOR THE TEST CONDITIONS

The test conditions are set at 5, 10, 15, 25 and 40 psia and at
2000'and 1700'i<. 2000 0 K was cl.osen because it represents the
threshold of boron ignition at low pressure and the upper limit of
the platinum thermocouple used, and 17001K is the limit at which
the CO2 flame is stable. AF mentioned in the previous sections,
the calibration was carried out by trial-and-error adjustment of
CO, 02 and air flow rates. Over three hundred test runs were con-
ducted. The CO/0 2 ratio was held at the approximate stoichio-
metric ratio for CO2 and air was added as diluent. All the set-
tings were obtained with a 0.336-in. diameter throat nozzle,

Red Lake Laboratories, Santa Clara, California

Traid Corp., Los Angeles, California

28



NOT REPRODUCIBLE

"P4

0

r-4

0

p~U
r1-4

.. 4

r-4

ON

p



except the 5 psia - 2000 0 K condit.on. Stable flame could not be
sustained at a pressure lower than 6 psia and a temperature high-
er than 1900 0 K. A slight modification of the burner nozzle throat
size to 0.375 in. still failed to obtain precisely this desired
pressure and temperature. Instead, two conditions at a pressure
slightly higher than 5 psia and a temperature lower than 2000 0 K
were obtained. The measured pressures and temperatures are list-
ed in the following table VI, along with the flow rates of CO,
02 and air.

Calculations, using an available UTC computer program, were car-
ried out to evaluate the theoretical equilibrium conditions for
the CO-0 2 -air system, assuming complete mixing and combustion, at
pressures corresponding to a given set of mass flow rates and
throat areas. The results are also listed in table VI.

The characteristic velocity c* was computed from the relationship
between pressure, flow rate and throat area. Comparing the ex-
perimental values with the theoretical ideal characteristic ve-
locity, c* efficiencies were derived which are also listed in
table VI.

The thermal properties of the gas system and the composition ot
the combustion products were also printed out in this computer
program study. These data are attached as Appendix I.

30



4-4 00 n 0 , o %D Ln v Ln m'
4-4 r- Ch M Ný r, rD aD M W C

S O La L 0 0A OC:)~ 0 0 0'C0C

S 0 0 0 0) 0) C 0 0 0 0 w
0 .0 ý 0 0 0 0 0 0 03 0)

H- 1- H- r- H- C'4 N' C'4 C%4 H- H-

L4 rý _'4 0; A 0 ' ~ '2 ~o * . 4 0 n L A 0 ý 4 L n f ) (N H 0 4'

Z j (Qý N- H, r LO (N H4 O ON '.0 LA '0
0o L 044 %o N- N Ln LA 0 %.0 H cli 00 00
u W0 00 0 H- N' N' C%4 m m ('4 N'

0 m m -T qw qT v~ .~

1 %- 0 ('4 N- H4 N' (4 -T ml v

E-o C4 (j (N (4 ('4 (' (' (' N' ('4 ('

%0 w0 '0 w0 %0 %0 %0 w0 W. LA) U
'0 %D '0 %D '0 %0 %D o % 0 %0 q. v

4.I OD OD 00 OD O 0) 00 0) 0) 0
Hr fl0 cr C 0)0) co OD c O 00 H- H> 0 0 0 0 0) 0 0 0 0 H- H-

W0 W0 I'D0 '0 to0 %0 %0 ' w LA LA
0 cn (n l m m (1) fl f.) fl N- N

44 en el C.) ml Ml ml m m m ml

>4

) ('4N LA ml (3 LA 0 H- qr
w Ln (Y% LA v 00 ON 0 tA ml N- N
H- W- '0 ml ýo ml 0D -ý N, (' H- ' 0o c,q ('4 r4 0 0 0 H- 0 03 0 0 0

H Oj. 0 0a o 0 0 0 0 0 0) 0 0

%9)Z OD en r- 0) (o LA r- LA a (4

v. co im O N 0 n 0) CL 0 N LAo 0 c) LA ml C14 (14 (4 a0 - ýr (n cn
00)0 000 00 H) - 0 0) 0 0 0

41 ~ 0 0O 0 00C)00 0 0

N- LA

H N C11 ('4 '0 N' H- ff) N Ln O) Mo -W4 m C j ('4 4 H N LA v N' H4 H-
u 0 0 0 0D 0 0 0 0 0 0D 0 0

0 C0 0 0) 0 0 0 0 0 0

Cr) ON 0 H4 (' en' v Ln 'D ON 0

to H
H

31



SECTION III

FUTURE WORK

The modification and calibration of the burner apparatus for the
current program requirements have been completed. The boron and
boron-metal compounds obtained will be separated by sifting intolots of different particle sizes; these will then be ready for
combustion testing under the already calibrated pressure and tem-
perature conditions. The ignition delay times, burn times or
rates and combustion efficiencies will be determined from these
tests. At least two samples of the test materials will be coated
with LiF as dopant. These will be burned for determination of
dopant effectiveness in reducing ignition temperature, increasing
burn rate and improving combustion efficiency. X-ray diffraction
analysis will be carried out on the combustion residue for quan-
titative interpretation of the completeness of combustion. Wet
chemical analysis will be performed on two selected samples of
residue and compared with the result obtained by the X-ray dif-
fraction technique. The effects of particle size and chamber
pressure will be analyzed and discussed.

Sources of supply and preparation methods for the borides will be
further investigated and discussed. The discussion will deal
with the best preparation methods found in the literature and with
the availability from commercial suppliers, including cost.

An extension of the current program to a parametric study of sec-
ondary combustion using the most promising borides selected un-
der the current contract and employing the UTC connected pipe
test facility( 2 1) will be formulated and discussed, and potential
applications of the results of the program to the design of fut-
ure air-augmented propulsion systems will be investigated.
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APPENDIX I

THEORETICAL EQUILIBRIUM CALCULATION
FOR CO--0 2 -AIR COMBUSTION
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mnLS OF GAS / 100 Gi 2.94390000P+00 2,919836010+.00 2@6?837325P+00

* ~CrMBUSTION PRODUCTS-___

CHAW3ER THROAT EAHAUSTE 11
MOLS/100 Gi MOLS/I00 G MDL 5/100 6

C 0 l.00000000p10o 1.00000000P00 . 1600000000p10o
G~~I 1,000000000010 1.OOO~i _i00000000OP10

Cn G 1,1'4?81?5P-01 7,31'I0'411P-02 8o9911426tP-0'4
Cr12 G 9 9A4131i2to-0l 1,l03605680+0*0 1,10830836P+00

CG 1,00000000@010 I.00000000op10 19000000000PaI0
CN2 G 16.0000000QO010G 1*00000000P0ut .1#OOOOOOOOP 10
clG !,000000000-10 t$0000000001*0 1-00OOO00 a 10

.... ---- OOOOI 1.0000Pl 1600000000i001
C4 1.O00000000Pul0 1.06-66 00-*1O 1,0000000P'0-

C25 G t'0000O000-1O 1.00000000010 19o000OOOOp:10
N G 7 984b'OtQp 0OT 2.69238906*0-6 l.OOOOOOOOP.l0
Nn G '4,6024TI86*0?o 3056836681t~m2 5.58162954P 03
Nn?2 ',311'8105 2,12M95100-05 1 26877r~i1P06

Nf) G - IO5 02 1 A2 0 4 P I1 16000000000010 1 OOOOOOOop-1'IQ
N7 G t,36r3'4165P+00 1,3T285500@.00 1.3879185540466

N703 G- 1, -- 99260735PO06 1,16115691PoO6 5.941684'48P 08
N 73 GI '-0 -0 -0 .0-000 1010 1.OOOOOOOop- 0000 1.O Oopclo

NP04 1i -. . 0000000000l0 1400000000p:10 11.0000000000P-10
l,F3823798P*02 1,08618377P0O2 l1*89340201P.OLI



_______~L uIjaf r
PAGf 2

CHAMHER THROAT LXHAUSTC 1J
MULS/100 Gu t4LS/100 G N(JLS/1fO G

w)fl2O81-1 .~5S4@6 3.59446613P-01

AM (1 t,6O261194PmO2 1,60261194@-02 1.602611940-02

C S 01000000000400 01oooOOOOOp.oo 0.000000009.00

_ _ _ _ _ _ _ _ _ _ _ _.................. _

------------- ----- ----__ ______ ........... ____ ............ ____........._ ___._..... -...

-------- ---- --- -- ----

....... ... ....... ... ---- ----- ---
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PAGE I

1&'wREn1ENTS WT*PCTo ILEMENTS GM ATUMS

0109 OXYGEN# GAS 20.43 C le30O203490+OO

9099 AIR 4 3 0 N 2e3280flA97PQO
4AR 1*34112a86P-02

PiPOPELLANT DFlNSITYP G/CC t,00000000P-03

THROAT E-XHA-UST( I1I

ARLA RATIn _____ooo~o 2______ .OOOOP0 *665741008P0+0

OPTIMUJM ISPp SL.C 8.384819a9p.ot 1*6906363405,02
VACUUM ISP, SFC IsS8t90220OP+O2 to99207600P+02

C., FT/SEC 4*15QtS3464PGO3

VFLOCITYP FT/SEC 2o697731950403 5 .943-9 4--9F-i-03
Df-NSITYP GM/Cc 7,5613Y1850-05 1940618253P 05

.- ..... - C-HA.MM HT THRUAT EXHAUST( 11
P4ESSUREP PST& 1.1420C0000"401 6,637303440+00 1$000000000+00

___ PRESSUREP ATM 7*1?O8?199p-01 4,516401360-01 6*80457261P-012
TrMPERATUREP nEG K 2,64O810T2P4+03 2.52220i413@403 2616Y33ý2?-60+03
HFAT CAP,# CAL/DEG K/IG 1,20461318P-01 30191817450-0'1 3et56671?8P"'O1
ENTHALPY, KCAL/G -3,4347qT56PoOI -4,2423474~3P-01 -6.718044703-01
ENTROPY# CAL/flLQ K/G, 2.O977?849*0O0 2*09frTT49P*00 2009717849P01+0
MnLS OF GAS / 100 G, 209170104?P+00 2.85591214P0+0 20802530000+00

CnmBuSTiC1N PRnDUCT5

CHAMSER THROAT EXHAUST( 13
MOLS/100 G MULS/IQO G MOLS/100 G

C G 1.0O0O6OOO0P10 1.000000000P10 1.000000000**I0
01 _ G 110000o0o00-10 19000000000pm10 ISOOOOOOOOP-pl0

Cfl2 G 1,0561T820@+00 1,11001191@400 1,25740561P+00
6P G 11 000 00000- 1 10000000OOR10 1.OOO0000P10

C'>N2 G i,00000000pol0 10000OOOOopIO 1.0O000000p:10
clG 1,0000000O-10 1.O0000000op.10 19000000000 to

CI02 G9000l 190000000opinlO 1*00000ooot*o

C4G i.,00000000put0 1.0000000000P10 16000000004-10
eiG.........j0000000OP-10 1*000000000P10 14OOOOOOOOP0101

N G 2.0'53A4322POQ6 9,571j6210590-T 2*53647192P-08
Nn - 0 4 92FQO28'0-0 3,97433818@P-02 1956814065@-02
Nfl? G0,934 P 1.63612311PO05 4.053586311P-06,
Nn3 G 1,000000000"'10 00000o 1.0*00009.QQQ 00.Qp.i0

W? 1,139672f13p400 1,14ft4411990+0 1,156419'60+00O
N~90 - -. 1OZ5 06 9,051355688@-07 .. 1d9436a2OP-07

W>03 G 1000000000O'10 10000000000P10 10000000000:10
N:0 G n±0o0000oop'1 1.000000000-.1 .OOO00eI

0G 30s2114264tP-02 2*A44G145509-02 5*05860t67P-03
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CHAMOEF' THROAT (EXAIJSIC 1)

MOLS/10O 0 MULS/1OO G MOLS/100 6

A 1,140F40P-01 3,63646564fOtO 3*1168510spo01

1,341?28A66-02 1.418890

---- ---- -- -------- 7
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______ ______-__- -_ _ __ _ _ __ _ _ A I c15.1~11
1 - .A .TA .~i .. ~pAfE I

I ' Rr nIN NT 1.S WT*PCT# E~LEMENTS GM ATU04S
0089 CARRON I4ONOX1PE GAS. 51,03 03,927696f5P+O4J
0189 OXYGEN# GAS 29.09 C 1.8217a4.100400

__9999 -AI 19658 N t.O7284964P+O00
AR 69815l9204P-03

PROPELLANT DE4.SITY9 G/~Ct jo0QQQ00OQO'03

THROAT . _-EA-RAUSTC E I)

'.--A9EA RAT[O__ 1,000000090~+0 19549433p,00

OPTIMUM 15Pr. _51C 5958PO .~1)~P
VACUUM Isp), SEC 1,623~5 5490+02 1,91777122P+02

C., FT/SEC 49252258300+03 -

VLCTY FT/SEC 297W606@10+03 4094061638P+03

DFNSITY* GM/Ce 4.099101.9-2PI05 19221?TO2OP-05

CHAME ~THROAT ..EXHAUST(-1
PQ'ESSLJREP S, 6,43000O0800 0 3*75894aai@+00 1 .OOOOOOOp+0O
PRESSURE, ATM 4,375341020"01 2,55780406P-01 6,80457T267P-02
TrP4PERATUREP ntEG K 2*1'819?708P+03 2*65188447P+03 2*457475970+03
HrAT CAP.' CAL/DOE K/G 3*2356St120P0I1 3*233211990-01 3,22532?RTP-OI

INTALYKCA/G$As~t26n7s8@-01 5*i644356280-01 -7s5303064j@-01
ENTROPY* CAL/nEG K/6 2,14419891@+00 2ot4419fl9190O0 Z..214419891P+00
NriLS Or GAS / 100 G 2.873614968@+00 2,85352725@400 2.T463?7359+O0

Cn98USTION PRODUCTS

CHAMBER THROAl EXHAUST( 11

CG1.o00000000.-10 16000000000pml0 100000000OP-10

C 0 G oo?00?OP10 5,57360940P-11 10O0000000op-1Oq
Cn G 6,5243055~4P-01 5,89622364P-01 4.614218?8p-oi
C()2 G 1.16935391P+00) 1,23216211PI40O 1,38O3628fP+00

C>G 1,000000000-10 1.O00000000inl0 1600000000opfIO
C?N2 G 110000000OP-10 1,000000000P10 1900000000p:10

ClG i.000000000P10 1,000000000-10 1.0000000OP-10

dO? G 1 .000000000610 110000000090 10OOOOOOOOP~l

NG5.559144180-06 3.329360190-0 6  8,697080510-oT
Nn G ,130?0 3.55,A8450?P'02 ?e289499160o02

* NC12 G i -01! .3250-05 9 , 72070454if-06 3.631-167740-06
N13 G 10O0O0000010 1.000000000-10 i.OOOOOO0oCpmlO

NG ,153628660-01 ¶i.18643626890 5,2497482A9POO1

N113 G 6A,?13447 ?1P-OT 43 6 40- 1.47530169P0-T
0_ Ni __ 1,00 .0 00 .0 00p10 16.ooooooop~o 10000000

0 C16000000000-10 .00000000pemlo
n G8,96316PO2 6,85293353P-02 4,24263295 P02

-- -. . . .- 47
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CH.AMHFNr Tb4RUAT EXHAUST( 116
'4ULS/100 1,. MOLLS/1OO G HOLS/100 .

4,062?9192@001 3.846262530Ol 3*3011023'VP.ot
A~~z .6,ie592040-03 6.852000

1*. ~ ~ ~ ~ ~ ~ ~ 0 0.O~OO*Q .000OOOP00000OOQO+00)



-~PAGEI I

I~iR~l1ETSWr.PCT. LIEMENTS i'i ATUMS
oags CARRO0N '4oNflJ(if GAS 36915 0 3*208003??P0oo
018~9 I)XYGUN, GAS ZO6 C 1.29056442@+00
9999 AIR_____ 4 1 N Z*3297.j4300.00

AR 1325?P0
PPOPELLANT DENSITY, I/cC 1,00900U0000-03

THRIJAT EXHAUMT 1)

AFA AT-TO1___ 1 000000000+00 7.599456949400

O~PTIMUIM ISPo QEc 8,52263f820+01 2906717903P+02
VACUUM I~sp, srC 1.608304930+02 2#26190639P+02

C., VT/SEC 4o*200636709403

-VFLOCTTYP FT/SEC 2,74207349P+03 69652672?6P+03-
DENSITYP GM/CC 3,29306156P904 l1*8602361Pin05

PQE$SStREo PS!, S5,lI100000p.ot ?*95965609P.O1 1.O000000000+00
POESSIJRE& ATN 3,477818709P400 20013919509+00 698045726t(I-C2 j
TFMPERATUREP nEG 'C 2,74153321P+03 2.604351950+03 1.66853629P+03
HrAT CAP.. CAL/QEG K/G 3.21927290*i-01 39211054f20-01 3,075655549-01
ENTI4ALPYP KCAL/G -3,4092A403P-01 in4,243650470-01 -8.320816469-01
E'4TROPYP CAL/qEG K/G 2,01067685P+00 290106T6850+00 2*01067681P+00
MnLS Or GAS / 100 Ga 2.890052929400 2,96113169P+00 2,78265684P+00

COmBUSTION PRODUCTS,

CHAMHER THROAT EXHAUST[ 11
MOLS/100 G MOLS/1QO G MOLS/100 G

C G 1000000OP 10i 140000000OP-10 ISOOOOOOOOP-10
CN G __ 3.57?433?77P11 1.0000000009-10 1.000000009-10

- -Ce G I--tiý7ý j-22931 ?9-WOI__6 .16 K3-5 067 o-0q
C2 G 1.0985AS339,00 1,14534509P+00 1026987598@+00

C'l G t,00000000910o 1600000000p-t0 ISOOOOOOP00-10
CPN2 G 1.00000000910o 1.0000000009*10 ISOOOOO0009I

ClG 1.000000009-t0 1.0000000000910 1.'oOOQoooopilo
.CiU2___ G 1 000000000-10 1.0000000009-10 10000000000-i10

CAG 1,000000000010 1,.000000009-10 10OOOOOOOop 10
* Ct, G 1400000000910o 1.0000000000910 1.00000000OP-10

N G 2,159656389.06 9,296446450-07 1.000000009-10
Nnt G 5,6299A453P-02 4#48476145e000 4e08~22?iO?-03
Nn2 G 5,21113326.0%O 3,543991920'05 2.496166079-06

Ir32j38?A4?0P4Q_____9Y~_Lt±4 5810*11 1 j9Q~QkQ009. 10,
Np a 1,1366MI350+00 1.142417890+00 1*162819749,00
NO '00 3,74 -3?A163P*06 W2.2U825980-06 4,0706591iP-06
N;,U3 G 11000000000-10 14000000000010 100000000o,-10
N704 1 OOOOO1 .000000000-10 1.000000009*10
(1 G ?,36086673P-07 1.610802889-02 1,12708945P-04

-- - --- 4-
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CHAWIF1 THROAT EXHAUST[ 11

fL.OLS/'00 , MULS/1O0 r MOLW/100

"1. 3.'5 313j53'0-01
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1*"jiR~fIE'ITS w T P CT &.LEM[NTS GMl ATOMS
Ca9A CARRON -ADNOXtflE GAS ý43.01 0 3o536090a440+00
0149 flXYGF4, GAS ý4,48 C 1953546071P+00

P2',PELLANT 0E'eSITY, G/CC 1.000000009-03 R0083ap2

THfRUAT LXHALJSTL 11

_______T 10 L IAA99DUQA uo@ Q00 0

OPTIMUIM ISPP SE 8959144958100+01 2,030M6089*02
VACUU4 ISPe sFC 1*63199621@*02 2*2717966390+O

C*t FT/SFC 4*.268968169@+01

V7LOCITys FT/%FC 2*76519340P*03 6953301460P+03
DrNSJTYP GM/CC ;?0055202500-04 1.4634011r9-05

--C-HAmBER -..THIROA-7 - - EXHAU.Si 1 .1I
PRES(IiREPPSIA 1,269000000+01 1.903363140+01 1.00000000+,00
PRLhSSUREP ATM ?.224414819,00 1,295,15728@+00 6,80457267P-02

-- -T-rMPFPRATIJREp n)EG KIC-W34-t3P0 Z*04 iO-
HrAT CAP*# CAL/DE6 K/fl 3,231321t?P-01 3.233055280-01 3.184926889-01
E'.THALPYs KCAL/G -4,056241637P-01 04,904742120-01 -8.19240134P-01
E'4TROPYP CAL/OEG K/G 2.046192389.00 2,046192380400 2o046192369+00
I4OLS OF MA / 100 Gi 2,663374340+00 2.62939?690+00 2@6db333449,00

CnMBUSTION PRnDUCTS-_ _

CHAI4RER THROAT EXHAUSTE 11
MIJLS/100 G MULS/10O G MOLb/IQO

cG1,00000000910o 1.0000000000910 1.000000009P-10
04 2,L309542560-10 5,317817290-11 IS000000009-10

-l G 3,73471671P-01 3.147635?09'01 5. T26r 7 340-kO2'
Cn2 G 1.16199670@400 1.22070481@.00 19478201?09.OQ
C2 10000000000-10 10oooooooo9-to 1.0oOOOOOop-to
c2N2 G 1,000000000-10 1s00000000910t 1000000000010

1. i000000000-10 1.000000009-10 1.00000000op 10
C](O2 G -11,90ko!00O910 1.0000000op10 _ 1.00000000910l
C4 G 11000000009-10 1.0000000009-10 1.0000000009.10

CI ,000Onooo09-i 1.000000009p-10 1,000000009-10
N G 4,63134w2530-06 2.4557T6420-06 2.332503130-08
Nrn G 5,542844450-02 4,569232319-02 1,24365962P9-02
Nfl? G 3,50401)9170-05 2.6050T51SPm05 2.928651770-06
NrI3 G ~ __ ~ ' 38ZP-10 *.?Y2937160-11 1.030000009p-l0
NJ 0 4,49461715OP-01 1.54359846@UOI 0.71001962*-o1
Nfl) G 2956176543P-06 1.623105009-06 10048803379-07
N,)03 G 1,000000009-10 1.00000000910t 1,000000009010
N704 G 1,00000000#-10 16000000009-10 1.000000009-10o
fl G 4,246107970-02 3e330513020-02 '.650686759-03



PAAL 2

CHANNER TH4ROAI EXHAU$T( 1)
M4ULS/1OO (a MOLS/10O G M0Ib/1%O0 G~

0p G 3,732R612P-01 3,50433049fo01 2*5266313SP-01
AP ____j iO1088 30611-02 1.010683060-02 19010863n89i021

0, s o 00o0o0oO~o o~ooooooonpoo o60oooo0Ooo00
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044 s 1• 0a • 1 In I I a, 1, T r" IO00 1 0 0

999)9 1 A ()o ,O1 '7¶,944 %,000 N I ,62?II fI141a,

99 y, ,1 Af 1) ,In9 O.,1)r)o 0l.0,' • )CO) 00000 0.000 So,0 o 0000
C ; '),L19-0 o.l v, 1 0,gf,"H -0.010i -10,106 b3. 0v .1011 1T0.1d90 I.O00

, ",.ova; t.)?i7 " 1 0,0 -0.0)J3 -2.201 56.2O 26,018 10,QUOO 0,000
Sr, •91  t.4.'P -0.?,, 0,0?M - q 5• ?~.V,011 -26,417 (1,000

C •J•" - -) 91 . ,15= y o 3 -O' V , o ',1 • ' 4 .2 30 6 1 1 9 9 5 4 4 . 0 1 0 - 9 4 , 0 ') 4 0 ,0 0 00

* ?•; 1,A'€,A 1,t'IV• "-,1•'?2 ',0IO -1,922 '7,561 24.,072 200,224 0,000
C252 r, l.')oflo 3 -0p? .o7516A OW)f8-5t 1 ,f1? 74 R I '3 7o,038 73 ,bT 10 0.000
* '3 4, •,V5.t 2,'853'• -O 9s0 0,4)350 -3,060 65,6(36c 36,033 196001)0 00000
C2, 4 20 ?1 el.4140 -1,()2?? 0,01'1 -7.691 86,012 60,002 -?2 380 0,0001

ri j.6, If•, 4,I721 -00739 0,01i)0 -6,t 70,A0 3 4d80045 232.000O00
4r, 20,'•II4 4 ;?771 -0,091c 0.0 16H -8.0'61 7/,'44 60.0'36 2344,000 0,000

N S 07,I?9A -0,111 0,0333 0,')038 -"1.)6f 4?.180 14,008 113,000 0.001)
I I• j, ,] i A 1 1461 - 254.4l 0,0194 -. ?,4T76 58•,JS3 30.00M 21.580 0,000

I; 1 .10441 1 nfIAA -(,O4410 0,0 44 -4.242 bd.,').5 46.008 7,910 0,000
Nnl3 t. 1 .10ro ?.1O..00 9015 0.0391 -6,554 76*Y43 6?,008 17,000 0,000
'425 11-n 1167 j.a' .0,31A 0 Al ?5I -2,233 5190 2-9101.3 0,0000 0 0011 I
10 I r, 11.5137 2.210O -,O S266 17005 - 4,3 27 64,11? 44.016 19,610 0 000

21',;3 G, 20.1A17 3.1')49 -0n1505 n,t1Y8! -rIL)8 9• 4005 f,016 19.800 0,00,
1 2t tI • :%.',;oi '5,1006 -1.0140 1,0fl45 -Q.92fl 9 f7,) 92,016 2.1T0 (-,oOt;

S. 1.407 -0,1759 1),0551 -0,0033 -1,5fl0 44.76- 16.000 59.559 u.000
? G ?',"•p Og,;',9 -t,OrM. n,00no8 -?.546 57,338 31,999 0,000 0,00o

AliG 4.96,-46% 0.,o 0,oo 0660 - 0 0 -1o.481 43,001 39,944. 0.000 0,00o
C S 4,3•4N 1,1983 -,21T73 0,0236 -2,0.35 4.ofj; 12.011 0,000 9,999
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1b~a~fl(ItWT,PCTo LLEMENTS. GM ATUMS
OA0?ý1 CARU!IN LIUNOX1OE GAS 137,4 0 3*9917195IP400
0149 OXY'iNo GAS 29.80 C 10F72121610+00
9099 AIR 17.76 N 99584i~P0

CQOP[LV ANT flf~stTY, G/CC 1,0OOOOQOOP-03 ~ 55~~~O

tHROAT EXHAUST[ t)

AtEA RATIO] 1.OOOOOOOOp4OO 49451110O71@+0O

OPTIMUM ISPP SEC 8,.663151000+01 1.995732840+02
VACUUM ISP, sC 1,64999709P402- 2,.23j27289P+02

C.. FT/.SEC . .. 4#31 935698003-

VrLOCITY# FT/SEC 2978128413P+03 6.?9237485--.O-3

DFNSITYP GM/CC 1. 33703903PO04 1. 33O4O4RIOP-0

CHAMBIER THROAT EXHAtI$TC 11
PqE.SSUREt PSIA ___.____1_6900000P+01 1*26614003P+01 1*0OOOOOOOp.OO

PrES~RANTI t. 4f'ý9 - -a1-9 0'. 86'o615,5 418-2 -001 ---- 6'-o 04 5,7,2-67P -02
TrMPFRATIJRE, nEG K 2,913361910+03 2,80290251P+03 2935582412P+03
HFAT CAP., CAL /DEQ K/G 3.25446656P-01 392522i37300-0 392342,02300-01
E'eTHALPY, KCAL/G 0A.9A558351p-01 -5,8O1690130-Ol -9o3392577TO wO1
ENTROPYP CAL/n~d K/G 9,01`5556410+00 2907555641@+00 2.0?5556499+00
MOLS (F GAS I100 G 2,839296?80+';0 2#80166915P*.O 2964562135P+00

CnMUSJG PRDUTS CHAmREP THROAT EXHAUST[ 11

MOLS/10OOG MOLS/1QO 0 MOLS/100 G
C G I aG..........t.OOQOOOP"10 1000000000--0 1000O00o~op-io

Ci 5.66228700P-1O ?.03130461@oi0 1.OOOOOOOop-lo
Cna 5~9219 700'O1 5,026826460-01 3,O89A4491Poft1

Cn? 1.??6197R4@+00 1.28943918@.00 i.53-iiT1779-pOQ6

*CPw 6 i*OOOOOOOOP-io 1.000000000910 1.000000000P10
042 G. .000O000op-t0 1,A00000000in10 1.00000000op 10
Cl0 10000 t.O0OOOO 0 mlO .0000000,OOP-10 ISO0000000.-10

*Ce0 0 1,OO000000*00t 10000OOOOP*0ot 1.OOOOOOOO00nlO
C'4 - 01000000000-1 100000000P-10*s 1.0000000p-io

N ,248635460-06 4,31728942Po06 2.99395564P-07
NB a 4612604960-02 386a5506879.02 1.56943242P-02

Nri2 '12.48101501P-05 1,712959970-05 2.7164705SP-06
MNO 6,818816360-11 1,0O000000*1 opto.000000000'10

NP0 4 5614023?P-01 4*59?8148to290 4.F?~i271807-c1
N20 aI I- 4i3?iiWOT 6,322456440-07 .iY24
Ný103 - - 000000-1 1.0000000o9*1O 1.0OOOOOOO0-10

N70 G 00O0000000-0 1 000000009' 1 .00000000P-10
0 a 0........... .?1ý4829?4eP.02 5*946M8315902 2,14952184P-02
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PA'tl I

I EJF jNTS 0. P C I, LI.FMIN74, (IM ATII''$S

1i 19 IIXY43 NJ, (,A$ ov.9 13 r
9-0i9 AIR1 ),).If N 81.18668463p-n1

AR 14.71 IU39ýi(ig-.Po3
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